Abstract
INTRODUCTION
The liver plays a key role in the metabolism of amino acids and controls, to a great extent, their homeostasis in the plasma free amino acid pool; it removes them from the plasma, interconverts them and may incorporate them into new protein molecules. Consequently, patients with liver disease show abnormalities in their plasma amino-acid profile [1] [2] [3] [4] and the fact that some patients with decompensated liver cirrhosis develop protein intolerance [5] has been a matter of major clinical concern over the years [6] . The plasma amino acid increase after ingestion of amino acids or protein tends to be associated with an increase in plasma ammonia, which in turn has been implicated in the development of hepatic encephalopathy (HE) [7] [8] [9] . Under normal circumstances ammonia is detoxified in the liver.
Several studies have investigated the effect of protein ingestion on circulating amino acid levels in patients with liver cirrhosis. The findings have been used to plan therapeutic interventions involving the use of different mixtures of amino acids either to improve nutritional status or as an adjunct in the treatment of HE [10] [11] [12] [13] . However, both the type and dosage of protein feed or formula and/or the routes of administration have been varied [3, [14] [15] [16] [17] . Nevertheless, even though most nutritional guidelines recommend high protein diets for liver cirrhosis protein restriction is still considered appropriate in some clinics [18, 19] . The aim of this study was therefore to investigate the plasma amino acid response to a natural meal with normal protein content in compensated cirrhotic patients compared to a group of healthy subjects in accordance with current guidelines [18, [20] [21] [22] . Furthermore, a group of patients with decompensated cirrhosis were studied in a protocol where they received a meal with high protein content. All the patients were tested for both covert and overt HE to examine the concept of "protein tolerance".
MATERIALS AND METHODS

Study subjects
We administered a 20 g mixed protein meal to 8 male patients with biopsy-proven compensated cirrhosis who were Child-Pugh class A (i.e., without complications of cirrhosis) [19] . Patients were recruited from the liver clinic at the Royal Free Hospital. A control group comprising 6 healthy age matched volunteers also received the 20 g protein meal. A group of 6 patients (5 male and 1 female) with biopsy-proven decompensated cirrhosis Child-Pugh class C (i.e., with ascites and esophageal varices but not HE) were also studied. They were being assessed for a porto-caval shunt procedure for the treatment of portal hypertension and so were studied before and after ingestion of a high protein meal (1 g protein/kg body weight). Exclusion criteria in this group were present or former HE and variceal bleeding within one week before the study. The high protein meal was used to predict the likelihood of HE developing following a shunt procedure [23] . To test for covert HE, the "number connection test" (NCT) [24] was performed in all patients and an electroencephalogram [25] was recorded in ChildPugh stage C patients. This protocol was approved by the Ethics Committee of the Royal Free Hospital and all patients agreed to participate in the study. Table 1 .
Test meals
To test for covert HE NCT were performed before and during the study at the same time as blood sampling and patients were checked for clinical signs of overt HE.
One gram per kilogram of body weight protein meal:
The Child-Pugh class C cirrhotics were allowed to select the source of protein from a variety of foods. Meat and chicken were the main sources of animal protein in the 1 g/kg of body weight protein dose. The proportions of fat and carbohydrate varied widely. The composition of the individual meals is shown in Table 2 . Patients were also checked for clinical signs of overt HE, NCT were performed as mentioned previously, and an EEG was recorded before and 3 h after the meal.
Blood samples
Samples were taken before the meal and at 30, 60, 120, 180 and 240 min and were processed as described previously [26] . In the healthy persons the 240 min sample was not taken.
Laboratory analysis
Plasma ammonia was measured by an enzymatic method (No. 170-UV Sigma Diagnostics, St Louis, Mo, United States) [27] and amino acid levels on an LKB 4151 Alpha plus amino acid analyzer with a 200 mm × 4.6 mm high performance analytical column filled with Ultropac 8 cation-exchange resin [26] . Values for glutamine and glutamic acid were inaccurate as their apparent concentration depends on the time period between sampling and analysis. Tryptophan was not measured. Because of technical problems citrulline was not reported in the healthy control group. Total alpha-amino nitrogen was determined by the fluorodinitrobenzene (DNFB) method [28] .
Statistical analysis
Differences in amino acid concentration between groups were compared using the Student's "t" test and differences within a group by the paired "t" test.
RESULTS
Response to a 20 g protein meal
The plasma baseline levels of asparagine, cysteine, tyrosine and ornithine were significantly higher in the patients with stable cirrhosis compared to the healthy subjects (p < 0.05). The total alpha-amino-N response to the meal in the cirrhotic subjects did not differ from that of healthy subjects ( Figure 1 and Table 3 ). However, as to individual amino acids, isoleucine, tyrosine and leucine increased significantly more in the cirrhotic patients (Figure 2 ). The baseline branched chain amino acids/ aromatic amino acids (BCAA/AAA) ratio was higher in the healthy persons and remained stable after the meal while there was a further significant decrease after two hours in the cirrhotic group (Table 3) . At 60 and 120 min cirrhotic patients showed a significant increase in plasma ammonia concentration after the meal than normal subjects (p < 0.01, Figure 3 ). The NCT remained normal and there were no clinical signs of HE.
Response to a 1 g/kg body weight protein meal
Decompensated cirrhotics had different basal concentration of some amino acids compared to those with stable cirrhosis (elevated: Alanine, tyrosine, decreased: isoleucine, leucine) ( Figure 4 and Table 4 ). Hence, the BCAA/AAA ratio was significantly lower in the patients with unstable cirrhosis. After the meal, the concentration of most plasma amino acids (except for taurine, proline, citrulline, cysteine and histidine) had increased significantly at 120 min ( Figure 4 and Table 4 ). Those increments were significantly larger than those observed in the 20 g protein group ( Figure  1 ). The largest increases were observed in the cases of isoleucine (148%), leucine (119%) and methionine (88%) (Figures 1 and 3) . The BCAA/AAA ratio was significantly higher 180 and 240 min after the meal (Table 4) . Slightly elevated basal plasma ammonia levels increased in two patients, decreased in one and showed no change in two ( Figure 3 
DISCUSSION
A characteristic pattern of plasma amino acids has been described in cirrhotic subjects [3, 4, [29] [30] [31] and metabolic and biochemical differences have been shown between stable and unstable cirrhotics [3, 4, 32] . In advanced liver disease there is usually an increased concentration of the AAA tyrosine, phenylalanine and tryptophan, and decreased concentration of the BCAA leucine, isoleucine and valine [3, 4, 6, 9, 14] . We have previously reported differences between different stages of liver disease and small or no significant differences between patients with stable liver disease and normal subjects [26] . Plasma amino acid concentrations change in the postabsorptive state reflects the balance between uptake by the liver and release by extrahepatic tissue, primarily muscle [2, 3, 29, 33, 34] . Following a mixed meal, the BCAA are transferred from the gut through the liver to peripheral tissues [35] . All other amino acids, including the AAA and methionine, are retained to a greater extent by splanchnic tissues and particularly by the liver [35, 36] . The BCAA are then primarily metabolized in extrahepatic tissues i.e. skeletal muscle [28, 36] . In most previous studies the methods for patient selection (i.e., disease severity) and nutritional intervention (type and dose of protein or amino acid formula) have varied widely, with very few controlled studies involving a "natural" meal [14, 31, 35, 37] . This precludes the opportunity to make firm interpretations of the metabolic alterations in cirrhotic patients. In the present study we therefore investigated the plasma amino acid response to a natural meal administered to biopsy proven cirrhotic patients (Child-Pugh class A and C).
on the other hand ammonia is a toxic nitrogenous product of protein and amino acid metabolism [38] which under normal circumstances is mainly detoxified by the liver. In patients with cirrhosis there is an increase in circulating ammonia caused by impaired hepatic detoxification and the presence (as in the decompensated cirrhotics group) of porto-systemic shunting [19, 39] . Thus the rationale for a protein tolerance test is that if the patient develops HE after the test the risk of developing it after the shunt procedure is likely to be relatively highinformation which helps surgeons decide which particular type of porto-systemic shunt or device to perform or use respectively.
Twenty grams protein natural meal
After intake of a mixed meal, there were only small differences for most plasma amino acids between cirrhotic patients and controls (Table 3) . only isoleucine, tyrosine and particularly leucine showed modest, but significantly higher increases in cirrhotic patients after the meal (Table  3 and Figure 2 ). The mean AAA concentration was also higher, but not significantly so. The higher BCAA and AAA increases observed in cirrhotics may be explained by their peripheral insulin resistance [14] which results in reduced muscle uptake of BCAA and a decreased inhibition of muscle catabolism after food intake. In previous studies, patients at different stages of liver disease were given either a protein load (ranging from 27 to 48 g) [3, [14] [15] [16] 31] or BCAA-enriched formulae [3, 9] and showed amino acid "intolerance" to that load of protein or 
Amino acid Group Basal (± SE) 30 min (± SE) 60 min (± SE) 120 min (± SE) 180 min (± SE) 240 min (± SE)
Table 4 Plasma amino acid response to a high (1 g protein/kg body weight) meal in cirrhotic patients
The results are expressed as means ± SEM. Plasma amino acids are given in nmol/mL. First value significantly different from basal value: amino acids. The term "intolerance" here being based on a persistent increase of amino acids in plasma [40, 41] . It is known, however, that patient selection and factors such as protein type and dosage influence the plasma amino acid response [35, [42] [43] [44] . Additionally the description "protein intolerant" is better reserved for patients who develop HE during protein intake. The BCAA/AAA ratio, showed a slight but significant decrease 120 min after the meal (Table 3) . This is in agreement with previous reports suggesting that this ratio may be useful for detecting differences in amino acid metabolism in different groups of cirrhotics [26, 36] . The differences found in our study suggest subtle alterations in the metabolism of BCAA and AAA evident 2 h after a protein meal, although the meal seemed otherwise well tolerated.
In the stable cirrhotic patients we observed a significant increase in the venous plasma ammonia concentration 60 min after food intake ( Figure 3 ) although this protein meal had little effect on alpha amino nitrogen levels ( Figure  1 ). This may be explained by the considerably larger amino nitrogen pool (13.8 mmol N) compared with that of ammonia (0.16 mmol N) [45] which might be more sensitive to cyclic changes in absorptive periods and by protein breakdown in the small intestine [46] . Additionally, a healthy liver has a huge capacity for increasing urea synthesis after protein ingestion, when ammonia is released from the gut into the portal blood. In patients with cirrhosis, liver ammonia clearance is diminished by the decreased functional liver mass, portosystemic shunting and loss of normal perisinusoidal glutamine synthetase activity [47] [48] [49] . Nevertheless, the increases in ammonia were modest and most importantly, we did not observe any overt (clinically detectable) HE. The NCT was carried out to test the patients for covert HE which is not clinically detectable. No patients had covert HE after ingestion of the meal. These results support more the role of those factors affecting the clearance of blood ammonia rather than the effect of diet in the development of HE [39] . In this study, the plasma amino acid response to a 20 g natural protein meal was almost the same in cirrhotic patients and controls and we suggest that cirrhotic patients, with a reasonably good liver function have a good tolerance to a natural protein meal. This concurs with current guidelines for protein intake in patients with liver disease [20] [21] [22] .
High protein meal to decompensated patients with cirrhosis
The baseline results showed that the BCAA/AAA ratio was lower in decompensated cirrhotics than in patients with stable cirrhosis and healthy subjects (Table 4) . This characteristic pattern of plasma amino acids has previously been described by us and others [14, 26, 29, 31, 34] . In this group administration of a high (1 g/kg body weight) protein meal led to significant increases in most plasma amino acid levels (Figures 2 and 4, Table 4 ). These results agree in general with those reported by Marchesini et al [14] and by Schulte-Frohlinde et al [31] . The fact that we found slightly lower increases of leucine, methionine, valine, arginine and glycine in our study might be explained by the type of meal administered (balanced and protein of mixed origin vs meat only in other reports) [31, 35, 43] , and by differences in the degree of liver disease in the study populations [14] [15] [16] . It is established that a balanced diet increases protein tolerance [43] . Apart from the expected increases in valine and methionine levels, our results showed that tyrosine, leucine, isoleucine, phenylalanine, arginine and glycine were also regularly increased after the meal (Figures 2 and 4 , Table   4 ). We also observed a significant increase in the BCAA/ AAA ratio which remained elevated up to three hours. The increment in the BCAA/AAA ratio may have resulted from extreme elevations of the BCAAs included in this ratio, the more advanced degree of the disease and/or a paradoxical tendency to normalization of the BCAA/ AAA ratio seen after a high protein dose. This should be further investigated.
Current nutrition guidelines recommend high protein diets (1.2-1.5 g/kg body weight/day) for liver cirrhosis [20] [21] [22] but this is mainly based on applied therapeutic interventions rather than on tolerance or challenge tests [20] [21] [22] 40] . In this study we present experimental evidence supporting those recomendations.
In contrast to the patients with stable cirrhosis, no specific pattern in plasma ammonia concentration was observed in the high protein group (Figure 5 ), although the concentration in some of the patients reached higher levels than those seen after a standard (20 g) protein meal. The variability of the response in this group suggests an abnormal ammonia metabolism which would be in accordance with the Child-Pugh's grade of liver insufficiency (i.e., C) and the presence of portal hypertension.
No patients experienced overt HE in spite of the amino acid elevations; only one of the six decompensated cirrhotic patients showed mild electroencephalographic changes compatible with covert HE. Previously, protein loads were thought to be a common precipitating factor for HE [23, 27] . However, protein restriction worsens the nutritional status of cirrhotic patients [10, 50] and a report by Córdoba et al [49] showed that diets with a normal-high protein content (1.2 g/kg per day) are metabolically more adequate than low-protein diets and can be administered safely to cirrhotic patients with episodic HE. Restriction of dietary protein did not have any beneficial effect [49] .
Limitations:
We studied a small group of patients with decompensated cirrhosis. As they were following a protocol in preparation for a porto-caval shunt operation a protein tolerance test was done in order to predict the likelihood of the development of HE after the procedure. Those patients represented the high protein meal group in this study. As that was not part of the protocol a control group for this part was not included, although we recognize that it would have given us more complete information and provided a better comparison group than just the standard protein group.
In conclusion, after a natural meal containing 20 g of protein, the overall plasma amino acid response in patients with cirrhosis was similar to that of healthy subjects. Plasma ammonia levels increased slightly but, importantly, no evidence of either covert or overt HE was observed. Patients with decompensated cirrhosis showed higher post-prandial concentrations of amino acids in response to a high protein meal. However, we did not observe any overt HE, hence the obvious benefits of a high protein regime should be considered in these patients [30, 50, 51] . In this patient group we therefore recommend following the current nutritional guidelines: protein intake of 1.2-1.5 g/kg body weight distributed daily in frequent small meals. If patients develop HE on a high-protein diet, consider supplementation with BCAA [12, 13, 20] .
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COMMENTS
Background
The plasma amino acid increase after ingestion of amino acids or protein tends to be associated with an increase in plasma ammonia, which in turn has been implicated in the development of hepatic encephalopathy. There has been long standing discussion over the adequate amount of protein to be administered to patients with liver cirrhosis in spite of generally accepted nutritional guidelines for these patients. Despite current nutrition guidelines recommend high protein diets, recommendations have not been completely adopted in some places where protein restriction is still considered as a general rule and proper dietary management is not readily followed.
Research frontiers
While current nutrition guidelines are mainly based on applied therapeutic interventions there have been few reports investigating the tolerance to dietary protein nor they have studied protein tolerance or challenge tests. In this study the authors investigated the plasma amino acid response to standard and high protein natural meals in patients with liver cirrhosis and looked for evidence of protein intolerance by testing for the presence of either covert or overt hepatic encephalopathy.
Innovations and breakthroughs
Several studies have investigated the effect of protein ingestion on circulating amino acid levels in patients with liver cirrhosis. However, both the type and dosage of protein feed or formula and/or the routes of administration have been varied and the selection of patients has been heterogeneous. The authors aimed to improve on previous methodology by selecting a more homogeneous group of patients with biopsy proven cirrhosis, and by using natural mixed protein meals at two protein levels: A standard (20 g) meal and a high (1 g/kg per body weight) protein meal. In this study they provide experimental evidence to support current nutritional guidelines.
Applications
current nutritional guidelines recommend normal to high protein diets (1.2-1.5 g/ kg body weight/d) which the authors experimented in this study with good results. They did not observe any overt hepatic encephalopathy hence the obvious benefits of a high protein regime. If patients develop hepatic encephalopathy on a high-protein diet, temporary reduction of protein intake and supplementation with branched chain amino acids should be considered.
Terminology
Protein tolerance test: A high protein meal (load) has been used to predict the likelihood of hepatic encephalopathy developing following a porto-caval shunt procedure for the treatment of portal hypertension. Therefore patients are studied before and after ingestion of a high protein meal (1 g protein/kg body weight) and clinical and psychological (i.e., "number connection test") evaluations are performed to study overt and covert hepatic encephalopathy.
Peer-review
The manuscript is well-structured, the rationale behind the study is clear, and the results are relevant for the field of nutrition in liver disease.
